Introduction
In the developing nervous system, neural progenitor cells differentiate into diverse neuronal subtypes. Neocortical neurons have distinct cellular morphology, physiological properties, neural connections (Ramon y Cajal 1911; Gilbert 1983; O'Leary and Koester 1993) and molecular expression patterns (Hevner et al. 2003) with laminar and area specificity. Importantly, cell survival and death are also essential processes in refining neocortical cytoarchitecture and functions (Finlay and Slattery 1983; Ferrer et al. 1990 Ferrer et al. , 1992 Spreafico et al. 1995; Blaschke et al. 1996; Verney et al. 2000) .
The generation of cortical neuronal heterogeneity is thought to be controlled by both intrinsic and extrinsic factors (Rakic 1988; O'Leary 1989; O'Leary and Nakagawa 2002; Grove and Fukuchi-Shimogori 2003; Guillemot et al. 2006; Molyneaux et al. 2007 ). Recent studies have demonstrated the roles of several transcription factors that regulate lamina-and area-specific neuronal differentiation. For example Otx1 specifies cell identity of a subset of layer 5 neurons in visual cortical areas (Weimann et al. 1999) . Likewise, Tbr1 (Hevner et al. 2001) , Fezf2 (Chen et al. 2005; Molyneaux et al. 2005) and Satb2 (Britanova et al. 2008) contribute to distinct aspects of laminar specification including cell migration and development of axonal projections.
In the case of extrinsic factors, some membrane-associated molecules such as classic cadherin family members (Suzuki et al. 1997 ) and a G protein--coupled receptor (Chenn et al. 2001 ) are expressed in the developing cortex with laminar and area specificity. However, as yet, how these factors influence laminaand area-specific cortical cell differentiation is poorly understood.
Cortical layer 4 cells are particularly suitable to study the influence of the extrinsic factors on cell differentiation. These cells are so densely packed as to be influenced by the surrounding cells. In addition, layer 4 cells are the primary target of thalamic afferents in the sensory cortex. These aspects imply that layer 4 cells may be more susceptible to environmental influences. To identify the molecules that are involved in the differentiation of layer 4 neurons, we previously searched for genes that are expressed specifically in layer 4 during development. We found that the unc5d gene, also referred to as unc5h4, was specifically expressed in layer 4 of the developing rat neocortex (Zhong et al. 2004) . UNC-5 family members were originally identified as netrin receptors (Leonardo et al. 1997; Engelkamp 2002) . Although these family members have been demonstrated to regulate neuronal migration , axon guidance (Hong et al. 1999; Finger et al. 2002) and cell survival Porter and Dhakshinamoorthy 2004; Williams et al. 2006) , the role of UNC5D in cortical development is still unknown.
In this study, we investigated the detailed gene expression pattern of unc5d during late embryonic and early postnatal cortical development. We further determined the ligand of UNC5D and examined the effect of UNC5D on cortical cell survival.
Materials and Methods
In Situ Hybridization For synthesis of riboprobes, total RNA was prepared from the Sprague Dawley (SD) rat cortex at embryonic day (E) 18 or C57BL/6 mouse cortex at E16. cDNAs were then produced using the SuperScriptII reverse transcriptase (Invitrogen). cDNAs encoding rat netrin-1 (the 388--1575 bp portion of NM_053731) and mouse netrin-4 (the 215--2159 bp portion of NM_021320) were isolated by reverse transcriptionpolymerase chain reaction using the following primer pairs: 5#-CACAACGTTACGCTCACTC-3# and 5#-TGTGCCCTGCTTGTACAC-3# for netrin-1 and 5#-CTGCCGCTTCATCCCACC-3# and 5#-GTGCTTAA-GACCTTCAGTGC-3# for netrin-4. The cDNA encoding rat unc5d, the sequence of which is 95.8% homologous to the 1162--2622 bp portion of mouse unc5d (NM_153135), was isolated using the primer pairs: 5#-TTGTGAGGGAATGTCAGTG-3# and 5#-TCCTGGCATGCAGTGAATG-3#. These fragments were then cloned into the pGEM-T or pGEM-T Easy vectors (Promega). Subsequently, template DNAs containing T7 and SP6 promoter sequences were produced by amplification from the vectors containing the obtained cDNA fragments. Digoxigenin (DIG)labeled antisense riboprobes were synthesized using the DIG RNA Labeling Kit (Roche) and purified through the mini Quick Spin RNA Columns (Roche).
Whole-mount in situ hybridization was performed as reported previously (Takemoto et al. 2002) . In brief, brains were obtained from postnatal day (P) 7 Institute of Cancer Research (ICR) mice, fixed with 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer (PB) and bleached with a mixture of methanol and hydrogen peroxide. The brains were then treated with proteinase K, followed by reaction with sodium borohydride. Then, the brains were hybridized with 0.5--1.5 lg/ mL of the RNA probes for 16 h at 63°C. After RNase A digestion and high stringency washes, the brains were subjected to blocking for 1.5 h at room temperature and then incubated overnight at 4°C with alkaline phosphatase--conjugated anti-DIG antibody (1:2000, Roche). After washing, the color reaction was carried out at room temperature or 4°C in BM Purple (Roche).
In situ hybridization on frozen sections was performed as reported previously (Zhong et al. 2004) . To prepare brain sections, brains were obtained from C57BL/6 mice at P6, ICR mice at P2, 3, 5, 7, and E16.5. Noon of the day of appearance of a vaginal plug was designated as E0.5. The brains were fixed with 4% PFA, followed by cryoprotection with 15% then 30% sucrose in phosphate-buffered saline (PBS). Coronal and sagittal sections were prepared at 20 lm thickness using a cryostat. Tangential sections (40 lm thickness) were prepared as described below. The sections were refixed in 4% PFA, washed with distilled water and 0.1 M triethanolamine (TEA), then acetylated in 0.25% acetic acid in 0.1 M TEA, followed by a final wash in PBS. After prehybridization, hybridization was carried out overnight at 60°C with 1 lg/mL DIG-labeled RNA probe. After washing, the sections were subjected to blocking (blocking regent, Roche) for 1--4 h at room temperature and then DIG immunodetection was carried out as described above. In the case of netrin-4, RNase A treatment was carried out after hybridization to reduce background noise. Two or three brains were analyzed at each developmental stage. For tangential sections, 3 brains were analyzed.
Immunohistochemistry for Serotonin Transporter (5-HTT) 5-HTT immunohistochemistry as a marker of thalamocortical (TC) projections was performed largely as described elsewhere (Rebsam et al. 2002) . P7 ICR mouse brains were fixed with 4% PFA for 2--4 h. To obtain tangential sections, cortical hemispheres were separated from P7 mouse brains, fixed with 4% PFA for 2 h, and then flattened between 2 glass slides separated by 1-mm thick spacers, followed by postfixation for 3 h After cryoprotection with sucrose in PBS 40-lm thick coronal and tangential frozen sections were prepared using a cryostat. Sections were washed with PBS and incubated with PBS containing 0.2% gelatin and 0.25% Triton X-100 (PBS+) for 30 min, followed by incubation with a rabbit polyclonal anti-5-HTT antibody (1:5000, Calbiochem) overnight at room temperature. After washing with PBS+, sections were incubated with a biotinylated goat anti-rabbit antibody (1:200; Vector Laboratories) for 2 h at room temperature, followed by incubation with a streptavidin--biotin--peroxidase complex (1:400; GE Healthcare) for 1.5 h. Detection was then performed with a Tris buffer containing 0.02% diaminobenzidine and 0.003% hydrogen peroxide.
Cell Surface Binding Assay
The cell surface binding experiment was performed as described previously (Wang et al. 1999 ) with slight modifications. Before transfection, human embryonic kidney 293T (HEK293T) cells were plated on a poly-L-ornithine--coated dish. Transfection of the following expression constructs was performed using Lipofectamine 2000 (Invitrogen): pcDNA3-UNC5D-HA (encoding HA-tagged mouse UNC5D the intracellular domain of which is truncated), pcDNA3-UNC5B-Venus (encoding rat UNC5B fused with Venus, gift from K. Hong, New York University, New York) and pEGFP-N1 (TaKaRa Bio). Forty-eight hours after transfection, the cells were washed with PBS containing Ca 2+ and Mg 2+ and then incubated with 2 lg/mL recombinant polyhistidinetagged mouse netrin-4 protein (R&D systems) or recombinant polyhistidine-tagged mouse netrin-1 protein (R&D systems) in PBS supplemented with 1% normal goat serum, 2 lg/mL heparin sodium and 0.05% sodium azide at 37°C for 1 h. After washing with PBS, the cells were fixed with 4% PFA in PBS at room temperature for 15 min. After blocking with PBS containing 5% normal goat serum, 0.1% Triton X-100, and 0.05% sodium azide, HA-tagged UNC5D overexpressed in HEK293T cells and bound His-tagged netrin-4 protein were stained with a mouse anti-HA monoclonal antibody (1:600, Roche) and a rabbit anti-His-tag polyclonal antibody (1:500, MBL), respectively. UNC5D and netrin-4 were then visualized with the secondary antibodies Alexa Fluor 488-conjugated goat anti-mouse IgG (1:500, Invitrogen) and Cy3conjugated donkey anti-rabbit IgG (1:600, Chemicon), respectively. The cells were finally counterstained with 4#,6-diamidino-2-phenylindole (DAPI) to visualize their nuclei.
In Utero Electroporation
To express full-length UNC5D protein together with the enhanced green fluorescent protein (EGFP) in cortical neurons (see below), the expression plasmid pCAG-UNC5D-Myc-IRES-EGFP was constructed as follows. The cDNA fragment encoding the human unc5d gene was obtained from human unc5h4/KIAA1777 (Zhong et al. 2004 ). The amino acid sequence of human UNC5D/KIAA1777 is 97.3% (901/926 amino acids) homologous to that of mouse UNC5D (NM_153135) except for its signal peptide sequence (Engelkamp 2002) . The putative signal sequence of human unc5d (encoding 14 amino acid MILVLV-KALSDVCA) was replaced with the human IgG1 signal sequence (encoding MDWTWRILFLVAAATGAHS) to enhance its expression. The c-Myc-coding sequence was then fused to the 3# end of unc5d sequence, and the fragment was flanked by the internal ribosome entry site (IRES) followed by the egfp-coding region. Subsequently, the product was inserted downstream of the cytomegalovirus enhancer/ chicken beta-actin (CAG) promoter of a plasmid vector. The control vector pCAG-IRES-EGFP was made by deleting the unc5d sequence from pCAG-UNC5D-Myc-IRES-EGFP. The protein expression of c-Myc-tagged UNC5D in COS7 cells transfected with pCAG-UNC5D-Myc-IRES-EGFP was confirmed by western blotting and immunocytochemistry using an antibody against c-Myc tag (9E10) (data not shown).
In utero electroporation was performed as described elsewhere (Tabata and Nakajima 2001) with slight modifications. Pregnant ICR mice were purchased from Japan Clea or Japan SLC. The expression plasmids were dissolved in PBS at a concentration of 2--3 lg/lL, followed by addition of Fast Green solution at the final concentration of approximately 0.01% (w/v) to visualize the plasmid solution. For plasmid injection, a micropipette was prepared from a glass capillary tube (1.2 mm in diameter) pulled by using a micropipette puller and the pulled tip was broken at an external diameter of 30--40 lm. E13.5 or E12.5 pregnant mice were anesthetized with pentobarbital sodium (Nembutal; Dainippon Sumitomo Pharma) by intraperitoneal injection with PBS at 60--65 lg/g of body weight. Then, approximately 1--2 lL of plasmid solution was injected into the lateral ventricle of the embryos using the glass micropipette. Subsequently, the embryo was placed between tweezers-type electrodes which have platinum disc electrodes of 5 mm in diameter at the tip (CUY650P5; Nepa Gene), and electric pulses (5 times at 30 V with 50-ms duration and 95-ms intervals) were then charged with an electroporator (CUY-21; BEX). Both horns of the uterus were placed back into the abdominal cavity to allow the embryos to continue normal development until their brains were utilized for dissociated cell culture (see below). Any one of the 4 plasmids pCAG-UNC5D-Myc-IRES-EGFP, pCAG-IRES-EGFP, pCAGGS-DsRed, or pCAGGS-EYFP was electroporated into individual littermates of a pregnant mouse.
Dissociated Cell Culture and Analysis of Cell Survival
After electroporation, parietal cortical tissues containing transfected regions were dissected at E16.5 under a laser microscope and dissociated in PBS containing 0.125% trypsin and 5 lM ethylenediaminetetraacetic acid. Subsequently, the dissociated cells were seeded in 0.1 mg/mL poly-L-ornithine--coated plates at a density of 1 or 2 3 10 4 cells/cm 2 , approximately 24% of which were labeled cells, and cultured in Dulbecco's Modified Eagle Medium with Nutrient Mixture F-12 (Invitrogen) containing 0.2 3 B-27 supplement (Invitrogen) and 1% fetal bovine serum (FBS; Hyclone, Thermo Fisher Scientific). The concentrations of B-27 supplement and FBS were adjusted so that approximately 60% of cultured cortical cells would undergo cell death in 2 days in vitro. For application of netrin-4 or netrin-1 proteins, the dissociated cells were seeded in the culture media containing recombinant polyhistidine-tagged mouse netrin-4 or netrin-1 proteins (R&D systems) at a final concentration of 400 ng/mL. The cells were cultured for 2 days at 37°C in 5% CO 2 .
Since considerably weak fluorescence of EGFP in cultured cells transfected with the pCAG-UNC5D-Myc-IRES-EGFP or pCAG-IRES-EGFP plasmids made it difficult to detect the signals EGFP fluorescence was enhanced by GFP immunocytochemistry. After culture, the cells were fixed in 4% PFA in PBS for 15 min at room temperature. After blocking, the cells were stained with a rat anti-GFP monoclonal antibody (1:2000, Nacalai Tesque) or double-stained with the anti-GFP antibody and a rabbit anti-cleaved caspase-3 polyclonal antibody (1:500, Cell Signaling Technology). Alexa Fluor 488-conjugated goat anti-rat IgG (1:500, Invitrogen) and Cy3-conjugated donkey anti-rabbit IgG (1:400, Chemicon) were used as secondary antibodies. The cells were finally counterstained with DAPI.
The viability of the cultured cells was quantified as follows. Photographs were taken from 16 or 22 different fields which were randomly selected from 3 to 6 culture dishes per experimental condition using fluorescence microscopy. The cells were identified by clear cell bodies viewed by brightfield microscopy and DAPIstained nuclei under fluorescence microscopy. Dying cells were recognized by apparent pyknosis (nuclear condensation or fragmentation) detected by DAPI staining, while viable cells were identified by their healthy nuclei. The number of EGFP-(or DsRed-) labeled and unlabeled cells, as well as pyknotic and viable cells, were counted. Subsequently, the percentage of pyknotic cells in labeled or unlabeled cells was calculated for each photograph. Cells with glialike structure, which were readily distinguishable from neurons, were excluded from the count. These data were obtained from 2 individual experiments, and then the average percentage was calculated for each experimental condition. Groups were compared using a Student's t-test.
Results
Unc5d Gene Is Highly Expressed in the Primary Sensory Areas of the Mouse Neocortex We previously identified unc5d as a layer 4-specific gene which is expressed between the late embryonic and early postnatal stages (Zhong et al. 2004 ). In the present study, the more detailed expression was investigated in terms of area and layer specificity during development.
Whole-mount in situ hybridization of P7 mouse brain demonstrated that unc5d was strongly expressed in 3 cortical regions ( Fig. 1A) . Based on an architectonic map of the mouse neocortex ( Fig. 1C) (Caviness 1975) , the regions were found to correspond to the primary somatosensory (S1), visual (V1) and auditory (A1) areas ( Fig. 1B ). Coronal sections also showed its strong expression in these cortical areas, although weak signals were fundamentally found in all cortical areas ( Fig. 2A,E) . Indeed, the strong signals were observed in S1 and V1 with clear boundaries ( Fig. 2A,B ,E,F), although the expression in A1 was relatively weaker (data not shown). In terms of the laminar expression, unc5d was expressed strongly in layer 4 and weakly in layer 2/3 ( Fig. 2C ,D,G,H).
Unc5d was also expressed in other brain regions such as the limbic cortex, inferior colliculus, and cerebellum (Zhong et al. 2004 ). In addition, unc5d signals were also evident in the rostral migratory stream ( Supplementary Fig.  1 ), through which newly generated cells migrate to the olfactory bulb.
Area Specificity of unc5d Gene Expression in the Neocortex Emerges at Early Postnatal Stages
We further analyzed unc5d expression during development.
Unc5d was uniformly distributed along the anterior--posterior axis in the subventricular zone (SVZ) of the neocortex on E16.5 sagittal sections (Fig. 3A) , as reported previously (Sasaki et al. 2008) . At birth, unc5d expression was weak in the SVZ and a part of the white matter (data not shown) and was the weakest at P2 (Fig. 3B) . The expression was stronger with layer and area specificity at P3 (Fig. 3C) , which was more evident at P5 (Fig. 3D) . Thus, area-specific expression of unc5d in the sensory cortices emerged at early postnatal ages.
Unc5d Is Preferentially Expressed by Thalamorecipient Neurons
The above data raise the possibility that unc5d-expressing cells receive sensory thalamic inputs. To test this, TC axons were visualized by immunostaining with an anti-serotonin-transporter (5-HTT) antibody since 5-HTT is transiently expressed in developing TC axons (Rebsam et al. 2002) . Unc5d expression largely, but not completely, overlapped with 5-HTT immunopositive areas (Fig. 4A --E). To determine the detailed distribution of unc5d-expressing cells in the barrel field, in situ hybridization was performed on tangential sections of the flattened cortex. Unc5d was expressed in the barrel walls and a part of the hollows although the distribution was not homogeneous (Fig.  4F) . In contrast, signals were hardly found in the septal regions ( Fig. 4F ). Since the barrel walls are largely comprised of neurons that receive thalamic input (Woolsey and Van der Loos 1970; Killackey and Leshin 1975) (Fig. 4G) , it is likely that unc5d may be preferentially expressed by the target neurons for TC axons.
Netrin-4 Is a Ligand for UNC5D
To reveal the ligands that interact with UNC5D, the binding of netrin family members to UNC5D was examined using a cell surface binding assay. After transfection of expression plasmids which encode either HA-tagged UNC5D or UNC5B fused with Venus into human kidney 293T (HEK293T) cells, netrin proteins were applied to the cell surface. As previously demonstrated (Leonardo et al. 1997) , when the recombinant netrin-1 protein was applied to HEK293T cells transfected with an unc5b expression vector, netrin-1 signals were observed on Caviness 1975) . Three cortical regions with high unc5d expression correspond to the primary somatosensory (S1), the primary visual (V1), and the primary auditory (A1) areas in reference to this map.
the surface of unc5b-transfected cells (Fig. 5G--I ). In the same way, netrin-4 signals were observed on the surface of unc5dtransfected cells (Fig. 5A--C) . In contrast, netrin-4 protein showed no significant binding to EGFP-expressing cells (Fig. 5D--F) . We also observed the binding of netrin-1 to unc5d-transfected cells although the signals were much lower than those in the binding of netrin-1 to unc5b-transfected cells (data not shown).
To further determine the ligand that interacts with UNC5D expressed by cortical cells, gene expression patterns of netrin-1 and netrin-4 were examined at P5. Netrin-1 was markedly expressed in the striatum and the internal capsule area (Livesey and Hunt 1997; Braisted et al. 2000) , whereas it was not observed in the neocortex and thalamus (Fig. 6A,E) . In contrast, netrin-4 was expressed in layer 4 of the sensory cortices (Fig. 6B,F,I,J) . Notably, the expression pattern of netrin-4 in the occipital cortex was restricted to the primary visual area and it almost completely matched the region markedly expressing unc5d (Fig. 6F,G) . In the parietal cortex, the expression of netrin-4 partially overlapped with that of unc5d (Fig. 6B,C) . Interestingly, netrin-4 was also expressed in the sensory thalamic nuclei such as the ventrobasal nucleus and the dorsal lateral geniculate nucleus (Fig. 6F ) from which axons innervate the primary sensory cortical areas. Netrin-4 signals were also observed in the posterior nucleus of the thalamus where neurons connect with both the primary and the secondary somatosensory areas (Fig. 6F) . Thus, it is likely that netrin-4 is expressed in sensory thalamic nuclei and cortices and may be one of the ligands for UNC5D.
Netrin-4 Promotes Survival of Layer 4 Cells Mediated by UNC5D In Vitro
To study the role of UNC5D in cortical neuronal differentiation, we examined the effect of netrin-4 protein on layer 4 neurons in vitro since unc5d gene is prominently expressed by layer 4 cells during development (Fig. 2--4) (Zhong et al. 2004 ). To distinguish layer 4 cells from other layer cells which rarely express unc5d, the cells that are destined to become layer 4 were labeled with fluorescent proteins by in utero electroporation at E13.5 (Fig. 7A,B) (Ajioka and Nakajima 2005) . At E16.5, the transfected parietal region was subjected to dissociated cell culture under starvation conditions (see Materials and Methods), and the cortical cells were cultured for 2 days in the absence or presence of exogenous netrin-4 Unc5d is also expressed weakly in the frontal cortex at postnatal ages. a, anterior; d, dorsal; Fr, frontal cortex; Hip, hippocampus; Str, striatum; Th, thalamus. Bar represents 1 mm. (Fig. 7A ). In the absence of netrin-4, 63.2 ± 4.7% of labeled presumptive layer 4 cells (mean ± standard error of the mean, n = 16, 142 labeled cells were analyzed in total) showed pyknosis with condensed or fragmented nuclei (Figs 7C, D, and 8A) . Virtually all the pyknotic labeled cells (98%) were immunopositive for an apoptosis marker, cleaved caspase-3 ( Fig. 7H,L,P) . We found that exogenous netrin-4 reduced cell death of labeled cells (47.7 ± 3.1%, n = 16, 133 cells, P < 0.02) compared with that in the absence of netrin-4 ( Fig. 8A) . We also examined the effect of netrin-1 as a comparison, but no significant reduction in cell death was observed in the presence of netrin-1 (59.9 ± 5.0%, n = 16, 135 cells) compared with that in the absence of netrins (Fig. 8A) .
To examine the effect of netrin-4 on cells from other cortical layers, cell death of unlabeled cells was analyzed. However, the number of pyknotic cells was neither affected by netrin-4 nor by netrin-1 (58.5 ± 1.8%, 1134 cells for no netrin; 64.5 ± 2.0%, 1000 cells for netrin-1; 53.8 ± 1.9%, 1130 cells for netrin-4, n = 22 for each group, Fig. 8B) . These results indicate that netrin-4 acts as a survival factor for layer 4 cells but not for cells from other layers.
To address the possibility that UNC5D-expressing layer 4 cells can mediate the survival effect of netrin-4, presumptive layer 4 cells were electroporated with an expression plasmid encoding unc5d-ires-egfp (see Materials and Methods), ensuring that the labeled cells certainly express UNC5D and underwent the same culture assay. In the absence of netrins, the percentage of pyknotic unc5d-transfected cells was not significantly different from that of control-labeled cells (63.2 ± 4.7% for control-labeled cells; 51.1 ± 3.6%, 223 cells for unc5dtransfected cells, n = 16 for each group, Figs 7F--I and 8C) . Interestingly, the percentage of pyknotic unc5d-transfected labeled cells was markedly decreased in the presence of netrin-4 protein (51.1 ± 3.6%, 223 cells for no netrin; 30.3 ± 3.6%, 217 cells for netrin-4, n = 16 for each group, P < 0.001, Figs 7N--Q and 8C, also see Supplementary Fig. 2 ). In addition, the influence of netrin-4 application was significantly greater in unc5dtransfected labeled cells than in control-labeled cells (47.7 ± 3.1% for control labeled; 30.3 ± 3.6% for unc5d transfected P < 0.001, Fig. 8C ). In contrast, the percentage of pyknotic cells in the presence of netrin-1 was almost equivalent to that in the absence of netrins (51.1 ± 3.6% for no netrin; 52.6 ± 3.9%, 200 cells for netrin-1, n = 16 for each group, Figs 7J--M and 8C). These results suggest that UNC5D may mediate the effect of netrin-4 on the survival of layer 4 cells.
The Function of UNC5D in Cortical Cell Survival Is Layer Specific
To test whether UNC5D is sufficient to mediate the effect of netrin-4 on cortical cell survival, the unc5d plasmid was introduced into deep layer cells which originally do not express unc5d. To do this, in utero electroporation was performed at E12.5 and cell survival was examined in the same way. We found no significant effect of netrin-4 on cell survival regardless of ectopic unc5d expression (54.6 ± 3.0%, 219 cells for no netrin; 53.2 ± 3.0%, 251 cells for netrin-4, n = 22 for each group, Fig. 8D ) as in the case of control-labeled cells (54.5 ± 2.2%, 327 cells for no netrin; 56.7 ± 2.5%, 340 cells for netrin-4, n = 22 for each group). Taken together, these results suggest that UNC5D can mediate the survival effect of netrin-4 on layer 4 cells but not deep layer cells which normally do not express unc5d. 
Discussion
Our results demonstrate that the unc5d gene is highly expressed in layer 4 of the primary sensory areas at early postnatal stages. We also found that netrin-4 protein bound to UNC5D-expressing cells, indicating that netrin-4 is a ligand for UNC5D. Interestingly, netrin-4 gene was predominantly expressed in layer 4 of the sensory cortices and sensory thalamic nuclei. Furthermore, cell death of unc5d-expressing cortical layer 4 cells, but not deep layer cells, was reduced by netrin-4 application in vitro. These results suggest that UNC5D is expressed by layer 4 cells in the primary sensory areas of the developing neocortex and may mediate the effect of netrin-4 on cortical cell survival in a lamina-specific manner.
Spatiotemporal Patterns of unc5d Gene Expression during Cortical Development
The present results demonstrate that unc5d is strongly expressed in layer 4 of the primary somatosensory, visual, and auditory areas at the first postnatal week. This result suggests that unc5d is expressed by the target neurons for TC axons Frost and Caviness 1980) and may participate in their development. This notion was further supported by the observation that unc5d was preferentially expressed in the barrel walls in the primary somatosensory area which are largely comprised of the neurons that receive thalamic input (Woolsey and Van der Loos 1970; Killackey and Leshin 1975) .
Interestingly, the timing of the emergence of area-specific unc5d expression is likely to be concomitant with the stage at which TC axons begin to develop their terminal arbors in layer 4 of the neocortex (Agmon et al. 1993) . Indeed, at late embryonic stages, when TC axons have not undergone terminal arborization in the neocortex (Kageyama and Robertson 1993; Catalano et al. 1996) , unc5d was expressed uniformly in the SVZ (Fig. 3A) (Sasaki et al. 2008) . However, at P3 when TC axons begin to develop their terminal arbors in layer 4 (Agmon et al. 1993 ), a discontinuous pattern of unc5d expression clearly emerged in the neocortex (Fig. 3C ). The spatiotemporal correlation between unc5d gene expression and TC projections implies that thalamic input might be important for the regional distribution of unc5d-expressing cells in the neocortex.
Netrin-4 as a Putative Ligand of UNC5D in the Neocortex
Previous studies have reported that netrin-1 and netrin-3 protein bound to cell lines transfected with unc5a, unc5b, or unc5c (Leonardo et al. 1997; Wang et al. 1999) . Likewise, alkaline phosphatase tagged netrin-4 fusion protein bound to unc5a-transfected cells (Qin et al. 2007 ). In addition to these findings, the present results reveal that netrin-4 can interact with UNC5D. In contrast, immunoprecipitation analysis could not detect the binding of netrin-4 to UNC5D-Fc fusion protein (Wilson et al. 2006) , which may be due to the difference in experimental conditions.
In situ hybridization analysis demonstrated that netrin-4 gene, but not netrin-1, was expressed in layer 4 of the sensory cortex. Moreover, the expression patterns of netrin-4 and unc5d almost completely matched in layer 4 of the primary visual area, although they partially overlapped in the somatosensory cortex. Thus, we hypothesize that netrin-4 protein may be secreted by unc5d-expressing layer 4 cells themselves or adjacent cells (see below). We also observed that netrin-4 was predominantly expressed in the sensory thalamic nuclei which project to layer 4 of the primary sensory cortices. This result raises the possibility that netrin-4 is released from thalamic axons and affects the layer 4 cells that express unc5d (see below).
The Contribution of UNC5D to Cortical Cell Survival and Its Laminar Specificity
We found that cell death of unc5d-expressing layer 4 cells was reduced by application of netrin-4 protein in dissociated cell culture. Previous studies using cell lines have proposed that UNC-5 homologues regulate apoptosis as dependence receptors, that is, apoptosis is induced in the absence of netrin-1, while it is suppressed in the presence of netrin-1 (Llambi et al. 2001; Tanikawa et al. 2003; Thiebault et al. 2003; Williams et al. 2003; Llambi et al. 2005) . In contrast, the present results demonstrate that the number of dying cells is not increased in unc5d-transfected cells in the absence of netrin-4 ( Fig. 8C ). In support of this finding, loss of netrin-1 never affected apoptosis in the spinal cord where unc5a was expressed (Williams et al. 2006 ). Thus, the present data suggest that UNC5D unoccupied by netrin-4 may not induce but permit cell death, whereas once it is occupied by netrin-4, it may contribute to cell survival.
The present study further demonstrated that UNC5D could mediate the survival effect of netrin-4 in layer 4 cells but was not sufficient to function in deep layer cells. In agreement with this observation, it has been reported that the effect of UNC-5 family receptors on cell survival or death depends on cell types, owing to coexistence of a specific mediator molecule that interacts with a cytoplasmic domain of the receptors and is responsible for signal transduction (Williams et al. 2003; Llambi et al. 2005; Tang et al. 2008) . Therefore, our results may reflect that such mediator molecules are expressed with laminar specificity along with UNC5D. Several previous studies with a terminal dUTP nick end labeling method or an identification of pyknotic cells have demonstrated that cell death is observed in the neocortex around the first week after birth with some area differences (Finlay and Slattery 1983; Verney et al. 2000) . However, the distribution of dying cells was largely restricted to layer 2/3, layer 6b, and the white matter at the postnatal days in any areas analyzed, whereas only a small amount of cell death was found in layer 4 (Ferrer et al. 1990 (Ferrer et al. , 1992 Spreafico et al. 1995; Verney et al. 2000) . It has also been reported that a large amount of cell death is seen in the embryonic cortex, but the area specificity is not observed (Blaschke et al. 1996) . Nevertheless, layer 4 cell density is higher in the primary sensory areas than the other areas. Our finding that unc5d was highly expressed in the primary sensory areas implies that UNC5D might contribute to the maintenance of layer 4 cells in these areas.
Putative Processes of Netrin-4 Supply to unc5d-Expressing Cortical Cells
The overlapping expression patterns of netrin-4 and unc5d in layer 4 of the sensory cortices suggest that netrin-4 protein is produced by layer 4 cells and may promote their survival by interacting with UNC5D in an autocrine as well as a paracrine manner. It is compatible with the hypothesis that tumor suppressor p53 induces the transcription of both netrin-1 and unc5b to activate a survival pathway, which acts as a negative feedback loop for the regulation of p53-dependent apoptosis (Arakawa 2004) .
Moreover, the predominant gene expression of netrin-4 in the sensory thalamic nuclei suggests that netrin-4 protein might be released from thalamic axon terminals and influence unc5d-expressing cells in the neocortex. The distribution of unc5d-expressing cells in the barrel field is consistent with this view. Several studies support the importance of thalamic axons in cortical cell development. For example, in vitro experiments have suggested that the thalamus provides trophic support for subplate cells that are the transient target for TC axons (Price and Lotto 1996) . In addition, layer 4 was absent due to excessive cell death in COUP-TFI mutant mice, in which TC axons failed to reach the neocortex (Zhou et al. 1999 ). Thus, unc5d-expressing layer 4 cells could be affected by netrin-4 derived from thalamic axons.
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